ABSTRACT To meet the ever-growing demand and service requirement, especially for delay-sensitive services like vehicular communications, small cells consisting of low-power base stations (BSs) are deployed to undertake the traffic pressure of BSs in macro cells. The vehicle may handover from the macro cell tier to the small cell tier when moving toward a small cell. In this paper, we mainly analyze and optimize the crosstier handover performance in heterogeneous networks from the perspective of delay characteristics. Based on the stochastic geometry theory, we deduce the expression of the effective capacity which reflects the delay to the rate before and after the handover; moreover, a resource reservation scheme is proposed. Based on this scheme, a closed-form expression of the blocking probability for delay-sensitive users is derived. Finally, based on the convex optimization theory, a joint optimization of effective capacity and blocking probability is carried out. The simulations show that the proposed optimization algorithm will greatly reduce the blocking probability while keeping the effective capacity relatively constant, especially beneficial for the delay-sensitive users. The theoretical and simulation results can be applied to the handover strategy and resource reservation strategy selection in heterogeneous networks.
I. INTRODUCTION
With the widespread use of portable devices such as smart phones and tablets, cellular networks are facing an exponential growth of mobile data traffic [1] . Meanwhile, realtime applications such as video chat and online gaming become more and more popular, which imposes stringent delay requirements on the network. Vehicular communications become a trending topic in 5G which is delay-sensitive.
In order to deal with this ever-growing demand and service requirement, small cells consisting of low-power base stations (BSs), such as pico and femto BSs, are deployed to undertake the traffic pressure of BSs in macro cells. The network architecture is thus evolving to denser and
The associate editor coordinating the review of this manuscript and approving it for publication was Yan Zhang. more irregular heterogeneous networks (HetNets) [2] . If a user equipment (UE) associated with the macro BSs moves towards a small cell BS, the signal-to-interference-plus-noise ratio (SINR) may drop due to the influences from the small cell. In order to get better performance, UE may handover from the macro cell tier to the small cell tier, which is called M2S handover. In this paper, we focus on the M2S handover. The vice versa symmetric cross-tier handover from the small cell tier to macro tier handover can also be analyzed by similar ways. Ultra-dense deployed and overlapped HetNets make it more complex for users to handover among different cells. Besides, handover rate increases and handover failure rate increases due to the dense deployment, which deteriorates user experiences dramatically [3] . According to traditional handover strategy, a UE starts the handover procedure to get better performance as soon as it moves within the small cell coverage. However, the UE may leave the small cell soon, which makes the handover unnecessary. Besides, there may be no available resources in the target BS for the UE and it will lead to handover failure due to blocking. Therefore, a suitable handover strategy, which decides whether M2S handover is conducted, needs to be researched.
Recently, it has been a hot topic to optimize the handover scheme to avoid unnecessary frequent handovers inside ultradense HetNets. In addition, there is a contradiction between higher user demand and limited radio resources. In order to improve the utilization of radio resources as well as ensure the quality of service (QoS) for different users, it is necessary to adopt specific handover strategy for different services. Finally, frequent handovers also result in increased latency and handover congestion, which is unbearable for real-time user services [4] .
A. RELATED WORKS AND MOTIVATION
The traditional method to analyze the network is performing system simulation. With the dense deployment of variety of BSs, the HetNet is getting more complex. The regular assumption of cellular network is oversimplified as well as inaccurate for the randomness and irregularity. Stochastic geometry has been widely used as an analytical approach to model and quantify the key metrics (outage probability, throughput, delay, etc.) in wireless networks [5] . To analyze performance of the ultra-dense HetNets, stochastic geometry was then adopted in [6] - [9] to characterize the spatial distributions of BSs and users, and to quantify the average performance metric of the network. By stochastic geometry, a Poisson point process (PPP) model was adopted in [6] to describe the randomness of BS deployment in cellular networks. In some practical special cases, resulting expressions for downlink SINR cumulative distribution function (cdf) can be simplified to simple closed-form expressions using stochastic geometry [7] . The optimal biasing factor for BSs of each tier was obtained therein to maximize the rate and coverage. With a similar PPP model, the biasing factor was optimized in [8] and [9] by maximizing the logarithm of the mean user rate. Stochastic geometry has been applied in a growing number of researches including handover analysis. The closed-form expressions for some key handover performance metrics, including the handover rate, handover failure rate, and ping-pong rate, are deduced based on the cross-tier handover model in heterogeneous networks [10] . To overcome the challenges mentioned above, there have been some previous researches on the handover in HetNets based on PPP model [11] , [12] . Arshad et al. [11] studied the handover problem in 5G Networks based on stochastic geometry theory. One handover skipping scheme is proposed and simulation results show that average user rate is 47% higher than that of the traditional handover scheme. Fang and Zhou [12] adopted different handover strategies and bandwidth reservation strategies for high data rate and low data rate users, respectively. The optimal solution is obtained by iterative method. However, these researches do not consider the effect of delay before and after the handover process, nor do they take into account the impact of resource occupancy on handover blocking.
B. CONTRIBUTIONS
Herein, in this paper, delay is considered in the analysis during the cross-tier handover process in ultra-dense HetNets. Effective capacity is introduced to match delay to user data rate. With the proposed resource reservation scheme, an explicit expression of blocking probability for delaysensitive traffic is derived. Finally, by applying optimization theory, we achieve the tradeoff between the effective capacity and blocking probability. The main contributions of this paper are as follows:
• We analyze the effective capacity performance for the typical UE at the origin during the cross-tier handover processes in ultra-dense HetNets. An explicit expression of the effective capacity during the handover process is obtained, which is not available in related works.
• One resource reservation scheme is designed for crosstier handover. The targeted BS reserves resources in advance for handover services, which can help decrease the blocking probability resulting from limited resources. The blocking probability for delay-sensitive services is analyzed with an explicit expression derived.
• Handover performance optimizations are achieved. The objective is to achieve the joint optimization of effective capacity and blocking probability. Insights can be observed from the analysis of simulations for operators' network design, such as resource reservation schemes and handover strategies. The rest of this paper is organized as follows. The system model is introduced in the next section. In section III, the expressions for effective capacity during the cross-tier handover are derived. Meanwhile, a resource reservation scheme is proposed and the blocking probability is derived with closed-form expressions. The section IV achieves the joint optimization of effective capacity and blocking probability. The section V provides simulation evaluations with verifications to the analytical results. Finally, we give some concluding remarks.
II. SYSTEM MODEL A. NETWORK AND SIR MODEL
In this article, we consider a two-tier heterogeneous network which consists of macro cell tier (tier 1) and small cell tier (tier 2). Base stations in each tier differ in spatial density, transmission power and bias factor. BSs in tier i are assumed to follow a homogenous PPP j with intensity λ j , j ∈ {1, 2}.
We assume a Rayleigh fading environment such that the channel power gains have independent exponential distributions. For simplicity, the effect of shadow fading can be eliminated by Layer-1 and Layer-3 filtering [13] . Carrier sense multiple access (CSMA) can be used, and thus intratier interference can be eliminated. Users always associate with the nearest BS. The transmission power and path-loss exponent of the BSs in tier j is P j and η j , respectively. The SINR distribution for the typical UE associated with a base station in tier k can be expressed as
where γ k represents the cell range expansion bias for tier i, r x k is the distance from the serving BS x k to the typical UE and r x is the distance from the interfering BS x to the typical UE. To simplify the expression, we define the transmit power, range expansion bias and path-loss exponent ratio of interfering to serving BS in tier k aŝ
In this paper, we adopt an improved Random Way Point (RWP) mobility model proposed in [14] . Based on the improved RWP model, the movement trace can be represented by an infinite sequence of quadruples
where denotes the n-th movement period. During the n-th movement period, X n−1 denotes the starting waypoint, X n denotes the target waypoint, V n denotes the velocity, and S n denotes the pause time at the waypoint , X n . Given the starting waypoint X n−1 , a homogeneous PPP u (n) with intensity λ u is independently generated and then the nearest point in u (n) is selected as the target waypoint, i.e.,
Therefore, the cumulative distribution function (CDF) of the transition length is
namely, the transition lengths are Rayleigh distributed. Besides, velocities {V n } as well as pause times {S n } are independently identically distributed (i.i.d.) with distributions P V (·) and P S (·), respectively.
C. HANDOVER STRATEGY AND USER CLASSIFICATION
In this paper, it is assumed that the users within the small cell coverage can initiate an M2S handover with a probability factor. The probability factor is affected by the resources reserved for the UE in the target BS. Each user has typical requirements according to its QoS. Delay-sensitive users have high requirements for latency in the network, whereas rate-sensitive users regard throughput as a more important factor. Since the requirements for the two different types of services differ from each other, different handover strategy should be adopted. M2S handover may improve the throughput for the typical user which moves within the small cell coverage, but increase the delay in the meantime. Users with delay-sensitive services need to control the handover times to achieve the balance between the handover latency and throughput. We assume that delay-sensitive users initiate handover to the target small cell with the probability p. The probability factor will be optimized in Section IV. For each user in the network, assume that its packet requests follow an independent Poisson process with a mean arrival rate λ, and the packet length is exponentially distributed with mean L. The incoming packets for all users form a queue in the associated BS, and the packets also follow the Poisson process with a mean arrival rate λN , where N is the number of users associated with the BS. Assume the BS will transmit these packets in a first-in-first-serve (FIFS) fashion. When a UE makes handover to the target BS, its packets will transfer from one queue to another. In the handover process, the queue transformation can be analogous to a two-hop queue. The delay in the handover process can be regarded as the transmission delay [15] in the two-hop system. At present, there have been many literatures about the two-hop system, and some conclusions can be used in the handover system as well. According to [16] , there is an interruption time D HIT during the handover process. For simplicity, it is assumed that D HIT is 20ms. There are four kinds of users: delaysensitive handover users, delay-sensitive new traffic users, rate-sensitive handover users, rate-sensitive new traffic users. The four kinds of users form separate queues, respectively.
D. EFFECTIVE CAPACITY MODEL
Channel capacity is based on the ideal delay assumption, and thus cannot characterize the QoS of users. Effective capacity (EC), which is defined in [15] , is an effective metric to capture the maximum arrival rate that can be supported by a wireless channel with a specific QoS guarantee. In particular, the decay rate of the tail distribution with a stochastic queue length Q can be defined as
For a large value of threshold q max , the buffer violation probability can be approximated as Pr{Q > q max } = e −θ q max based on large deviation theory. Therefore, θ can be treated as the QoS exponent to specify the delay constraint. Smaller θ implies a looser QoS requirement, whereas larger θ denotes a more strict QoS requirement. In [15] , the effective capacity is defined as a log-moment generation function, which is given as follows:
where S(t) is the transmitted service accumulated on time domain. Under the block fading channel assumption, each channel coefficient is a constant during a time unit T . By substituting (5) into (6), the effective capacity can be further derived as
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III. HANDOVER ANALYSIS AND OPTIMIZATION
In this section, we will achieve the handover optimization problem in three steps. Firstly, the effective capacity of the typical user before and after an M2S handover is analyzed. Secondly, a new resource reservation scheme is proposed and the blocking probability for users with delay-sensitive traffic is analyzed. Finally, a handover optimization problem is formulated and solved to achieve the tradeoff between effective capacity and blocking probability.
A. EFFECTIVE CAPACITY ANALYSIS
To further assess the QoS of users, we take EC into account.
Before the analysis about the EC before and after the handover, the SINR distribution before and after the handover should be derived given the SINR threshold τ . Lemma 1: For the typical user associated with tier k, the SINR distribution before and after M2S handover process can be expressed as,
where
and 2 
F 1 [·] denotes the Gauss hypergeometric function.
Proof: Based on the nearest BS association scheme, according to [9] , the SINR distribution of the typical UE associated with the k-th tier can be obtained as
In addition, the distribution of the distance from a UE to the nearest BS in tier j can be easily derived as
Combining (9) and (10), the SINR distribution before and after the handover for the typical UE is derived as (8) .
In a densely deployed heterogeneous network, interferences are always regarded as the main factors which influence the system performance. Therefore, we consider an interference-limited scenario, where noises are ignored. To get a more analytical and tractable results, we assume η 1 = η 2 = η and γ 1 = γ 2 = 1 as well, which means the path loss exponents for the macro cell tier and small cell tier are the same and the cell range expansion factor is set as 1. Then the SINR distribution for the typical UE associated with tier k can be simplified as
Proof: Substitute (8) with η 1 = η 2 = η and γ 1 = γ 2 = 1, we can get
By assuming y = x 2 , (12) can be transformed into (11).
Lemma 2:
For the typical UE which makes M2S handover to the target small cell, the effective capacity before and after the handover, i.e. the typical UE associates with tier k, can be expressed as,
where θ 2 = Proof: Based on the SINR distribution derived in (11), the effective capacity before and after the handover for the typical UE, i.e. the typical UE associates with tier k, can be derived as,
where the values of QoS exponents are different due to the interruption time during the handover. Assume the interruption time D HIT is fixed,
Assume Pr{D ∞ > D max } is the same in the two equations (the same delay experience), then θ 2 =
satisfied, which completes the proof. The effective capacity expressions for the delay-sensitive and rate-sensitive traffic are derived as [10] .
B. RESOURCE RESERVATION SCHEME
In wireless communication system, radio resources are usually very limited. If the target small cell BS cannot provide enough resources when a user initiates a handover process, a handover block is caused, which affects the system performance and user experience dramatically. In mobility management design, the handover blocking probability should be controlled within a certain range to meet the requirements of users. At present, resource reservation algorithm is an effective way to reduce handover blocking probability.
In the resource reservation algorithm, the network resources in the heterogeneous network cell are divided into two parts: one is used to meet the demands of new users, and the other is reserved for the handover users. The aim of resource reservation algorithm is to reserve a part of network resources for handover users in advance. This algorithm can effectively reduce the blocking probability of handover users. Herein, a resource reservation scheme with fixed reserved channel is adopted. Assume the macro cell and small cell share the same bandwidth B. The bandwidth of a small cell is divided into two parts: reserved for delay-sensitive users and reserved for rate-sensitive users. In this scheme, parts of the resources of the small cell B 1 and B 2 are reserved for the handover users, whereas the new users can only access the other resources, which is depicted in Fig.1 . 
C. BLOCKING PROBABILITY DERIVATION
Based on the proposed resource reservation scheme, we can derive the blocking probability for handover users. Firstly, we analyze the queue system for handover users during the handover. As described in section II, the users associated with a BS follow the Poisson distribution, and the service rate is fixed. According to queuing theory, the queue system can be modeled as a (M, D, 1, N) system [17] .
For simplicity, we assume that only one kind of traffic is transformed in a user and the percent of users with delaysensitive traffic is β. The delay-sensitive handover users associated with a BS follow Poisson distribution, and the arrival rate can be expressed as
where N h represents the mean number of users associated with a BS, and
2 v 2 . Proof: R i is the radius of the equal long-term averaged biased downlink received signal strength boundary circle [18] . According to the definition of |L +R i | in [10] , we have
where |A| denotes the area of 2-dimension measurable set
In a (M,D,1,N) queuing system, the service rate for delaysensitive users is a fixed value. Based on Shannon Theory, the service rate can be expressed as,
In a (M, D, 1, N) queuing system, the packet is dropped once the queue length is larger than N and a handover block is caused. For delay-sensitive users, we have N = B 1 /B 0 , where B 0 is the bandwidth for a sub-channel. According to queuing theory, the blocking probability can be expressed as
IV. HANDOVER PERFORMANCE OPTIMIZATION
In this section, we will further optimize the handover performance by turning the handover probability and bandwidth reserved for handover users. In order to achieve the tradeoff between the effective capacity and blocking probability, the handover optimization problem can be formulated as:
The optimization problem aims to maximize the effective capacity of the whole system, and ensure a limited blocking probability for the delay-sensitive users during the handover process. Based on the utility function, the convex optimization theory is used to solve the optimization problem. The optimization problem with constraints can be solved by Lagrangian duality approach. The dual function of (23) can be expressed as
where λ ≥ 0 is the dual variable. Thus the dual problem is as follows.
Therefore, the optimal solution can be obtained by solving its dual problem which follows as
The optimization problem can be solved using the subgradient method as follows:
(1) Initialization: λ (0). (2) At the time slot t, solve problem (26) using KKT condition. The obtained optimal solutions are p * , B * 1 , B * 1 . (3) Update dual variables λ (t) in the following way,
+ , where t is the iteration number, and φ (t) is the step size.
(4) t = t + 1. Return to step 2 until convergence.
V. SIMULATION RESULTS AND ANALYSIS
In the system simulation, a two-tier HetNets scenario is considered, where the deployment density for macro BSs and small cell BSs is λ 1 = 1 × 10 −5 /m 2 , λ 2 = 1 × 10 −4 /m 2 , respectively. Other important parameters include, θ 1 = 0.7, θ 1 = 0.3, B = 20 MHz, P block_th = 0.1. In order to verify the performance of the proposed algorithm, a traditional algorithm where resource reservation scheme is not adopted is chosen as the comparative algorithm. In the traditional algorithm, a user always associates with the strongest BS in terms of long-term averaged received power.
As depicted in Fig. 2 , the handover probability factor is reduced when the ratio of delay-sensitive users increases. As delay-sensitive users grows gradually, blocking probability increase since the shortage of reserved bandwidth. The optimization scheme adaptively reduces the probability of M2S handover for delay-sensitive users in order to meet the demands of delay-sensitive users in terms of blocking probability. users and delay-sensitive handover users. It can be easily understood that with the increasing number of delaysensitive users, the bandwidth allocated to delay-sensitive users increases. Meanwhile, it can be seen that when β is larger, the bandwidth resources reserved for handover users make up a high proportion of the bandwidth resources, which is to ensure the demands for the blocking probability from delay-sensitive users. Fig. 4 and 5 respectively describe the effective capacity and blocking probability for the proposed optimization algorithm and reference algorithm. From the two figures, although the effective capacity of the proposed optimization algorithm is slightly lower, the blocking probability is reduced dramatically, especially for high proportion of delay-sensitive users. For example, the blocking probability decrease about 17% with the proposed optimization algorithm when β = 1. The proposed optimization scheme achieves the tradeoff between the effective capacity and blocking probability.
VI. CONCLUSION
Ultra-dense deployed and overlapped HetNets make it more complex for users to handover among different cells. In this paper, we mainly analyze and optimize the cross-tier handover performance in heterogeneous networks from the perspective of delay characteristics. The network is described by the stochastic geometry as a two-tier heterogeneous network, where the effective capacity is taken into consideration which can reflect the delay to the rate. For users' different kinds of QoS requirement, they are divided into two categories: delay-sensitive user and rate-sensitive user. The expression of the effective capacity before and after the M2S handover is derived for both kinds of users. The proposed resource reservation scheme can reduce the blocking probability of handover users. Based on this scheme, a closed-form expression of the blocking probability for delay-sensitive users is derived. Finally, based on convex optimization theory, joint optimization of effective capacity and blocking probability is carried out. The simulations prove that with the increase of delay-sensitive users, the handover probability factor is reduced and the bandwidth resources reserved for handover users become higher. The optimization algorithm will reduce the blocking probability for the delay-sensitive users while keeps the effective capacity relatively constant. The theoretical and simulation results can be applied to the handover strategy and resource reservation strategy selection in heterogeneous networks.
